Pumping of dielectric liquids is necessary in many applications, such as digital microfluidics, 1 microactuators, 2,3 and cooling of microelectronics. [4] [5] [6] Electrical pumping in microfluidic systems is a promising method of fluid manipulation because it can generate a flow using only patterned microelectrodes without moving parts and, thus, can be easily integrated into other systems. 7, 8 Most electrical methods using electrokinetic phenomena such as electroosmosis were developed to pump aqueous solutions, 9, 10 where abundant free charges exist due to the hydration shells preventing ion association. 11, 12 However, dielectric liquids that lack dipole moments and have low permittivity cannot form enough protective solvation shells, 11, 12 having few free charges. Consequently, the electrokinetic effects are weak in them. Electrohydrodynamic (EHD) pumps based on generating or inducing charges have been developed for dielectric liquids, 7, 8, 13 but due to the inherent electrochemical reaction, they can cause corrosion of electrodes and change the electrical property of the working fluid. 13 These effects can reduce the effectiveness of the pump and can cause it to break down after long usage. In this work, we suggest an EHD pumping method and verify its feasibility by experiment and numerical analysis of a simple design.
An EHD flow occurs in a mixture of dielectric liquids and a small amount of polar additive. 14 We term this nonuniform-field induced electrohydrodynamic (NUF-EHD) flow. The flow is caused by a gradient of electrical conductivity and resulting free charge. A NUF-EHD flow is strong and does not suffer from any electrochemical reaction, so it may be applicable to EHD pumps.
To pump a liquid, a directional flow must be generated by breaking symmetry of the flow. To increase the nonuniformity of the electrical field, the designed pump includes three cylindrical electrodes inside the channel (Fig. 1 ) to avoid charge injection from an otherwise sharp edge of the electrode. Then the electric field is strong around the electrodes but weak in the bulk region. Meanwhile, according to Onsager's theory, 15 the application of an electric field shifts the equilibrium between ion pairs and free ions towards dissociation rather than recombination; thus, electrical conductivity of the dielectric liquids increases with the applied electric field. Moreover, additives such as surfactants and salts play an important role in enhancing the field-dependency of the conductivity. 16 By forming inverse micelles in the bulk phase, dissociated ions are stabilized like hydration shells of water molecules, even if they are non-ionic and electrically neutral surfactants. 12 The conductivity r ¼ rð1 þ cEÞ of a mixture of dielectric liquids and additives increases linearly with the strength of electric field, where r is the field-free conductivity, c is the field dependency factor, and E is the magnitude of the electric field vector E. 16 This non-uniform electric field produces a spatial gradient of conductivity, which couples with applied electric field to induce free charges q f ¼ Àrr Á E=r in the dielectric liquid, where is the permittivity. Finally, Coulomb force acts on the free charge in the liquid, giving rise to NUF-EHD flow. In our electrode configuration (Fig. 1) , application of a positive voltage to the centre electrode induces positive and negative charges around each electrode. Although positive charges experience opposite electric forces than do negative charges, one-way flow develops from the inlet to the outlet because the net electric force on the center electrode in that direction is greater than the one acting in the opposite direction on the side electrodes. When a negative voltage is applied at the center electrode, the direction of the electric field and the sign of the induced charge change simultaneously, so the electric-force direction remains the same. When using ac, the flow direction still is same as when using dc. During one ac period, time-averaged force density acting on the fluid is f e ¼ 1 2 Re½ðÀrr Á EÞE Ã =ðr þ ixÞ, where E * is the complex conjugate of the electric field.
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In the experiment, three bare (uncoated) cylindrical electrodes of 1-mm-diameter steel wire were located in the center region of a channel that was 7.3 mm high, 6.1 mm wide, and 62 mm long. Each end of the channel was connected to a large reservoir in such way that no hydrostatic force applied to the fluid across the channel. The working fluid was dodecane (Sigma-Aldrich, anhydrous 99þ%) mixed with 3 wt. % of SPAN 85 (Sigma, sorbitan trioleate). Dc or ac voltage ($5 kV, $110 Hz) was applied to the electrodes using a function generator (Agilent, 33220 A) and a high-voltage amplifier (Trek, 10/10B). The fluid motion was visualized by using a two-head Nd:Yag laser (New Wave, Solo-2) and polystyrene fluorescent particles (Duke Scientific, 7 lm). The flow velocity was measured using conventional particle-image-velocimetry (PIV).
As soon as voltage was applied to the electrodes, a fast flow was generated around the electrodes, and a directional and regular flow was developed in a few seconds in the entire channel from the inlet to the outlet (Fig. 2(a) ). A local backward flow occurred near the side electrodes due to the opposite electric force. Flow speed was in the order of 1 cm/s, increasing with voltage and deceasing with frequency. This EHD flow was generated in the mixture of dodecane and SPAN 85 but not in pure dodecane.
We conducted a numerical simulation to test the model of the NUF-EHD flow and to confirm the pumping effect. We used finite element method (FEM) software (COMSOL MULTIPHY-SICS 3.5) to solve both electric and flow fields in the twodimensional domain. First, we used time-harmonic analysis and the field-dependent conductivity r ¼ rð1 þ cEÞ to solve the quasi-static Maxwell equation r Á ððr þ ixÞrwÞ ¼ 0 to obtain the electric potential w. We applied the field-free conductivity r ¼ 4:33 Â 10 À9 S=m and the field-dependence factor c ¼ 2.67 Â 10 À7 m/V. 16 Then we used the continuity equation and the Navier-Stokes equations with the timeaveraged electric force to calculate the fluid flow.
Streamlines in the experimental and the numerical results agreed well (Fig. 2(b) ). To compare the two results quantitatively, we measured the fluid velocity in a downstream channel section far from the electrodes, where the velocity profile is parabolic. The average flow speed was proportional to the cube of the voltage in both the experimental and numerical results (Fig. 3(a) ). This relation differs from that of conventional EHD flow, in which the velocity is proportional to the square or fourth power of the voltage. 13 These results confirm the uniqueness of our NUF-EHD flow. The reason why the velocity varies as the cube of the voltage can be explained as follows. The free charge density q f ¼ Àrr Á E=r / E 2 is proportional to the square of the electric field; hence the electric force jf e j ¼ jq f Ej ! E 3 and the resultant flow velocity both increase with the cube of the electric field. As the frequency increases, the phase difference between the induced charge and the electric force tends to p/2, and thus the average velocity decreases with frequency ( Fig. 3(b) ). Therefore, we can control the flow rate by changing the voltage and frequency.
To check whether the present EHD flow originates from charge injection, we measured voltage-current behaviour. The current was proportional to the voltage in the Ohmic regime but increased exponentially with voltage when it exceeded a critical value, which corresponds to the chargeinjection regime. The injection threshold was determined to be 50 MV/m in the mixture of dodecane and SPAN 85. Typical electric field strength in this study was several megavolts per meter; therefore, the experiment was obviously performed in the Ohmic regime.
When a fluid is subjected to a high voltage, a common concern is the temperature rise caused by Joule heating. However, due to the very low electrical conductivity of the dielectric liquid, the temperature rise was negligible; using scaling and numerical analysis, the estimated temperature rise was 0.005 C when 3000 V was applied. Further, NUF-EHD flow did not produce any observable electrode corrosion or bubble generation.
In conclusion, we proposed and demonstrated a pumping method of dielectric liquids, which is based on NUF-EHD flow. A NUF-EHD flow originates from a gradient of electrical conductivity induced by a non-uniform electric field due to the Onsager effect. This method does not accompany any electrochemical reaction, so the electrodes do not corrode and the working fluid does not degrade. Experiments confirmed the feasibility of the proposed method, and the numerical results were consistent with the experimental data. 
